Riofiltration is being used in recirculating-water systems to produce salmonids (Burrows and Combs 1968) , and it appears appears practical for cool and warm water tank culture (Lewis and Buynak 1976) . In fish production systems based on recirculated water and involving biofiltration, the accumulation of the end products, nitrate-N and phosphate-P, is controlled by partial flush, or as recommended by Meade (1974) , by denitrification. In the present study we have examined the use of hydroponics as a means of preventing the accumulation of nitrate-N and phosphate-P, while at the same time producing tomatoes as a marketable by-product. Sneed et al. (1975) and phosphate-P, we designed a system based on recirculated water (Figs. 1, 2) . The facility consisted of three identical units, each of which included a fiberglass fish culture tank, a reservoir, a biofilter, and two hydroponic tanks. Each fish culture tank, which at operating water level contained 870 liters of water, was equipped with an agitator for aeration and an automatic fish feeder patterned after Wehr and Lewis (1974) . The tanks were coupled to revolving plate biofilters modeled after Lewis and Buynak (1976) . Each biofilter consisted of three components, each having 30 corrugated fiberglass plates (52-cm diameter) for a total surface area of 45.6 m 2. The plates were mounted on a 2.5-cm shaft supported by bearings on each end so that slightly less than one half of each plate was submerged. The plates were rotated at 6 rpm by a fractional horsepower gearmotor. The biofilter was connected to a settling tank that con- Table 1 .
Day-to-day monitoring included observation for fish mortality and for symptoms of nutrient deficiency and disease in the tomato plants. Makeup water was added and ripe tomatoes were harvested daily. Twice each week water quality variables were measured at critical points in the system. 
RESULTS
The maximum loading rate of fish was at harvest, when average loading rate was 31.5 kg/unit, 489 g/tomato plant, 1.9 kg/m a of hydroponic area, and 691 g/m a of biofilter surface area (Table 2) . At this loading rate the water quality remained high. This was achieved by biofiltration of the waste water, removal of nutrients by the tomato plants, and the addition of 6.6% makeup water daily. Except for water temperature, the physiochemical parameters were within the ranges amenable to maximum growth of catfish.
Dissolved oxygen concentration in the fish culture tank influent averaged 7.1 ppm (83% saturation), and never fell below 5.4 ppm. Effluent from the tanks averaged 6.5 ppm From 10 May to 10 July, at a mean water temperature of 21 C, the average weight gain for fish in the three tanks was 1.26 g/day/fish. From 10 July to 30 July, at a mean tempera- 
DISCUSSION
Dissolved oxygen remained at a high level throughout the system, which indicated that the system was not overloaded and that the biofilters and sedimentation tanks were functioning properly. Water temperature was lower than had been anticipated, and for much of the season was below the range (28-30 C) for maximum growth of channel catfish. The exceptionally cool spring and summer experienced in 1976 accounted in part for the low water temperature, and temperature was further decreased by evaporation from the biofilters. The problem of less than maximum growth of catfish might be corrected by supplemental heat in the fish culture tanks, selecting a strain of catfish that exhibits maximum growth at a lower temperature range, or identifying another species of fish better suited to cool water. In any event, catfish growth in such a system should prove to be more satisfactory in a warmer climate.
The high methyl orange alkalinity (227 ppm CaCOa), as well as the addition of 6.6% makeup water, prevented the system from becoming acid, a situation which often leads to a buildup of nitrites. The average pH of the hydroponic culture (about 8.0) was above that generally accepted as optimal for tomato growth (5.5 to 7.0). But despite the high pH, the growth and production of tomatoes was good. The reason for this may be that under most soil conditions, micronutrients (especially iron) are precipitated and mineral ions bond to charged soil particles. In our hydroponic system the chelating agent ethylene diamine tetra-acetate was present. Further, there is a difference between the occurrence of particles of high charge density in soil as compared to the hydroponic system. The system thus permitted the benefit of high chemical buffering without the deleterious effects that occur in soil culture.
The high levels of calcium and magnesium, which resulted in part from the makeup water, were much above threshold requirements for the tomatoes. These ions, while contributing to the methyl orange alkalinity, were responsible for the high buffering capacity of the system. Potassium was monitored, however, to insure that abovethreshold levels could be achieved by periodic addition.
Because of their toxicity to fish and the large quantities required for plant growth, the nitrogenous compounds are of particular interest. Nitrite-N values (high 0.5 ppm, average 0.13 ppm) were well below the 96-hour mean tolerance limit of 7.5 ppm (reported as 24.6 rag/liter nitrite) established by Konikoff The present research evaluated a recirculation system in which the principal concern was to insure that nitrogenous compounds remained below the level toxic to fish. However, the biofilter/hydroponic system has a different application in connection with single-pass fish culture systems, where the objective is to reduce the waste products to a level permissible for discharge. Of particular concern are the levels of nitrogenous compounds and phosphorus. The National Technical Advisory Committee (1968) set permissible levels for ammonia-N at 0.5 mgAiter, and nitrite + nitrate-N at 10 mg/ liter. It appears possible that hydroponics can be used to attain these standards in single-pass systems as well as in recirculation systems; however, this question requires further examination.
The biological success of the system examined in the present work was in part related to certain design features. The revolving plate biofilter was self-cleaning, trouble-free, and gave a uniform breakdown of the complex organics. The elevated reservoirs allowed the water to flow by gravity into the fish tanks, providing several hours of protection during periods of power outage. The uniform growth of tomatoes and the satisfactory performance of the hydroponic system can in part be attributed to the reciprocating type of water movement that insured even distribution of nutrients and oxygen to all plants, as well as drawing atmospheric oxygen into the gravel bed during the dewatering period. The temperature difference between the environment of the shoots and that of the roots of the tomato plants was probably beneficial to plant growth and may have promoted continual fruit set. Also essential to the success of the system was the protection of water from sunlight, which prevented algal growth from taking up the nutrients.
The coefficient of variation of the weight frequency distribution in the three fish populations is the same as that obtained by Konikoff and Lewis (1974) for three populations of caged catfish where the fish were initially selected for uniformity of size. This indicates that the variation in growth produced under the conditions of the culture system used in this study was normal.
The temperature for maximum growth of channel catfish is between 28 and 30 C (Andrews et al. 1972). The temperature in the present system never reached this level. During the period of highest temperature for which specific growth rate is available (10-20 July), the average gain for the three tanks was 3.63 g/day/fish. At this growth rate, beginning with a 50-g yearling, it would require 111 days to produce a minimum marketable-sized fish (450 g). The mean value of 2.05 g/day/fish was obtained at 21 C. Again beginning with a 50-g yearling, it would require approximately 191 days to produce a 450-g fish. Inasmuch as temperature control is reasonably practical for a recirculation system, it appears that it would be beneficial to maintain temperature at a level which would permit maximum growth. This hydroponic system is outdoors, compared to most units which are in greenhouses. The tomatoes produced in this system were not greenhouse varieties (although Floradel may also be used for this purpose), but rather were those which are grown as commercial field crops, selected by preliminary screening for their suitability to hydroponic culture. The yield per plant for Campbells 1327 in the hydroponic system was 4.6 kg, as compared to 2.7 kg per plant reported for 1976 field trials at the University of Kentucky (C. R. Roberts, personal communication). The yield for the other two varieties grown hydroponically was approximately twice that which would be expected under field conditions. The weight of green tomatoes at harvest indicates that a greater yield would be possible if harvest were delayed for two weeks. The superior yield of the Floradel variety probably reflects its indeterminate nature. However, Campbells 1327, despite its determi-Mate growth habit, continued to bloom and set green fruit even in mid-September. This might be attributed to the maintenance of excellent growing conditions and uniform nutrient supply as a consequence of the hydroponic culture. Fruit quality determined by U.S. Department of Agriculture grading standards indicates that the hydroponically produced tomatoes were superior in quality to the same varieties produced under field conditions, particularly late in the season.
It is of interest that the only parasite or disease problem encountered was hornworm, and the use of pesticides and herbicides was not required. It is understandable that weeds and pests dependent upon soil for part of their life cycle would not be troublesome in the hydroponic system. To the extent that the occurrence of parasites and diseases is reduced, and the use of pesticides and herbicides correspondingly curtailed, the end product would be more attractive to consumers.
